We have analyzed the DNA sequence requirements for TATA element function by assaying the transcriptional activities of 25 promoters, including those representing each of the 18 single-point mutants vitro (25, 32). One of these, TFIID, binds the TATA element, and this binding is required for its activity (10, 27, 28) . Owing to the apparent instability of this activity during purification, it has not been possible to obtain preparations of mammalian TFIID of adequate purity for extensive biochemical characterization. However, the yeast Saccharomyces cerevisiae contains a 26-kilodalton (kDa) protein that can substitute for mammalian TFIID in DNA binding and in transcription reactions reconstituted with the other HeLa factors (4, 6). With this reconstitution assay, yeast TFIID has been purified to near homogeneity, and the gene encoding this protein has been cloned (5, 11, 14, 22, 34 
activities on this set of promoters. Of the mutated elements, only two had undetectable activity; the rest had activities ranging from 2 to 75% of the activity of the consensus element, which was the most active. In addition, mutations of the nucleotide following the TATAAA core strongly influenced transcriptional activity, although with somewhat different effects on yeast and HeLa TFIID. The activities of all these promoters depended upon TFID, and the level of TFIID-dependent transcription in vitro correlated strongly with their activities in yeast cells. This suggests that the in vivo activities of these elements reflect their ability to functionally interact with a single TATA-binding factor. However, some elements with similar activities in vitro supported very different levels of transcriptional activation by GAL4 protein in vivo. These results extend the degree of evolutionary conservation between yeast and mammalian TFi) and are useful for predicting the level of TATA element function from the primary sequence.
Most eucaryotic RNA polymerase II promoters contain a TATA element, consensus sequence TATAAA, that is required for transcription in vivo and in vitro. The DNA sequence requirements for TATA element function have been most extensively analyzed by comparing native promoter sequences (1, 2) , by saturation mutagenesis of a specific TATA element (7, 16) , or by random selection of functional TATA elements (36a). However, unlike the situation with upstream activation sequence or enhancer elements, it has not been possible until recently to obtain a TATA element-binding protein pure enough for detailed in vitro analyses. As a result, ambiguity has arisen over the number of distinct types of TATA elements and the number of TATA element-binding proteins. From a variety of observations in yeast and mammalian cells, it has been suggested that there may be multiple TATA element-binding proteins, distinguishable not only by their specific sequence requirements but also by their response to transcriptional activator proteins (13, 16, 21, 36, 38) . In addition, other experiments (19, 24) indicate that there may be factors that have a TATA element as part of their recognition sequence but that do not activate and may repress transcription by RNA polymerase II. Clearly, resolution of these issues will require more detailed knowledge of the sequence requirements for TATA element function and the number and properties of the protein(s) interacting with these sequences.
Biochemical fractionation of transcriptionally active extracts from a variety of eucaryotic sources has shown that multiple factors in addition to RNA polymerase II are required to reconstitute accurate basal transcription from a number of genes in vitro (25, 32) . One of these, TFIID, binds the TATA element, and this binding is required for its activity (10, 27, 28) . Owing to the apparent instability of this activity during purification, it has not been possible to obtain preparations of mammalian TFIID of adequate purity for extensive biochemical characterization. However, the yeast Saccharomyces cerevisiae contains a 26-kilodalton (kDa) protein that can substitute for mammalian TFIID in DNA binding and in transcription reactions reconstituted with the other HeLa factors (4, 6) . With this reconstitution assay, yeast TFIID has been purified to near homogeneity, and the gene encoding this protein has been cloned (5, 11, 14, 22, 34 (7) . Surprisingly, however, three of these mutant TATA elements function moderately well in combination with GCN4 activator protein, and a double mutant (TA'TTTA) functioned nearly as well as the wild-type element in combination with GAL4 (16) . These results could be explained either by invoking multiple TATA factors or by proposing that the relative activity of the TATA element depends on other factors besides the primary sequence and its affinity for a single TATA-binding factor.
In this study, we have used this reconstituted in vitro transcription system to assay the activity of wild-type and a large number of mutant TATA sequences that have been characterized for their ability to function in vivo (7, 16 
MATERUILS AND METHODS
Construction of transcription assay templates with mutated TATA sequences. The transcription assay substrate used was a derivative of plasmid pML(C2AT)19A-50 (33) (Fig. 1) . The G-less cassette was excised from pML(C2AT)19A-50 as a BstUI fragment and blunt-end ligated to a double-stranded oligonucleotide with the sequence indicated in Fig. 1 EcoRI and SspI, and the G-less cassette-containing fragment was ligated into EcoRI-SspIdigested pUC19 in which the normal Sacl site had been destroyed by using T4 DNA polymerase. To insert mutant TATA oligonucleotides, this plasmid was digested with EcoRI and Sacl, gel purified, and ligated to the EcoRI-SacI TATA oligonucleotides from plasmids described previously (7) , generating the pGC plasmids; the last three digits in the pGC plasmid designations refer to the TATA allele numbers described elsewhere (7, 16) . For a clone lacking the TATA sequence, the G-less cassette was excised from pML(C2AT)19A-50 with BstUI and SmaI and ligated into SmaI-digested pUC18.
Preparation of HeLa transcription factors. Nuclear extracts were prepared from HeLa cells as described previously (35) , except that the extract was dialyzed against buffer C (20 mM Reinberg and Roeder (31) . The flowthrough (containing TFIIA), 0.5 M KCI (containing TFIIB, TFIIE, and TFIIF), and 1.0 M KCl (containing TFIID) fractions were further purified by DEAE Sephacel chromatography as described elsewhere (30, 31) . The TFIIA DEAE fraction was concentrated by precipitation with 60% saturated ammonium sulfate and dialyzed against buffer C containing 0.1 M KCl. The TFIIB DEAE flowthrough fraction was applied to a 4.0-ml phosphocellulose column equilibrated with buffer C plus 0.1 M KCl and eluted with buffer C plus 0.5 M KCl. Protein concentrations of the fractions were as follows: TFIIA, 11.5 mg/ml; TFIIB, 0.88 mg/ml; TFIID, 1.15 mg/ml; and TFIIE/F, 0.85 mg/ml.
Purification of yeast TFIID. S.cerevisiae TFIID was purified by a modification of a procedure described previously (4) . BJ926 cells (19 liters) were grown in YPD medium to an OD6. of 5.0 with vigorous aeration. Cells (240 g) were harvested and washed once with 600 ml of ice-cold H20, suspended with 240 ml of Z buffer (50 mM Tris chloride [pH 7.9, 4°C], 10 mM MgCl2, 1 M sorbitol) containing 30 mM DTT and incubated at 23°C for 15 min. The cells were repelleted with and resuspended in 750 ml of Z buffer containing 1 mM DTT and 75,000 U of Zymolyase. Following incubation at 30°C for 40 min with gentle agitation, the spheroplasts were pelleted at 2,000 x g for 5 min and washed three times with ice-cold Z buffer containing 1 mM DTT. The final pellet was washed once with 250 ml of disruption buffer (50 mM Tris chloride [pH 7.9, 4°C], 10 mM MgSO4, 1 mM EDTA, 10 mM potassium acetate, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 0.4 jig of pepstatin A per ml) and suspended in 250 ml of the same buffer. The spheroplasts were disrupted with 15 strokes of a tight-fitting pestle in a Dounce homogenizer. An equal volume of disruption buffer containing 20o glycerol and 0.8 M (NH4)2SO4 was added, and the lysate was gently rocked for 30 min at 4°C, followed by centrifugation at 100,000 x g for 90 min at 4°C.
Proteins in the supernatant were precipitated with ammonium sulfate, and TFIID activity was purified by chromatography over heparin-agarose, DEAE-cellulose, and Mono S resins as described previously (4) . The Mono S fraction was concentrated by precipitation with ammonium sulfate at 60% saturation, and the pellet was suspended with 0. In vitro transcription assays. Transcription assays (20 ,Jl) were carried out as described previously (33) except that 25
,uM [a-32P]UTP was used as the label. Reaction mixes were incubated at 30°C for 60 min and contained 2.3 ,ug of TFIIA, 0.18 ,g of TFIIB, 1.7 ,ug of TFIIE/F, 5 U of calf thymus RNA polymerase II (purified as described before [20] ), and the amounts of HeLa or yeast TFIID indicated. The amount of HeLa or yeast TFIID added was saturating under these reaction conditions. Reactions were terminated by addition of 200 pl of stop mixture containing 20 mM Tris chloride (pH 7.9), 1 mM EDTA, 200 mM NaCl, 100 ,ug of yeast tRNA per ml, 0.2% SDS, and 100 ,ug of proteinase K per ml, incubated for 30 min at 37°C, extracted with phenol, and precipitated with ethanol. The products were electrophoretically separated in a 5% denaturing polyacrylamide gel and visualized by autoradiography. Nucleotide incorporation into specific products was quantitated with a Betascope 603 blot analyzer (Betagen), and the results shown are the average of duplicate analyses.
RESULTS
Replacement of the adenovirus major late TATA with a his3 TATA oligonucleotide. With the scheme outlined in Fig. 1 , the TATA element of the adenovirus major late promoter in the plasmid pML(C2AT)19A-50 (33) was replaced with an EcoRI-SacI oligonucleotide containing the TATA site and some surrounding sequences from the yeast his3 gene used previously for in vivo studies (7) . The two principal advantages of this plasmid are that it allows direct comparison of the activity of different TATA sequences in an otherwise identical sequence background and that the G-less cassette simplifies the transcriptional assay.
In transcription reaction mixes containing partially purified factors from HeLa cells, the promoter containing the "wild-type" his3 TATA element retained transcriptional activity, albeit at a level 30 to 40% of that of the TATA element in the adenovirus major late promoter ( Fig. 2A and  B) . Using an in vitro complementation assay (4, 6), we also purified a TFIID activity from S. cerevisiae that functions in transcription assays containing either the adenovirus or his3 TATA sequence. In all cases, transcription was dependent upon a TATA sequence and upon TFIID, and it originated principally from the correct +1 initiation site of the adenovirus promoter. In these assays and in those described below, saturating amounts of HeLa or yeast TFIID were used, and the levels of transcription with the two factors were comparable.
In addition to the major transcription product originating from the +1 site, several other faster mobility bands were routinely observed, three of which were designated A, B, and C (Fig. 2B) . The appearance of these products was also dependent on TFIID and inhibited by oa-amanitin, but was independent of the presence of a TATA sequence. Primer extension analysis (not shown) confirmed that these minor transcripts were initiated at sites within the G-less cassette that were located about 25 to 30 base pairs (bp) downstream from sequences that weakly resembled a consensus TATA element (see Fig. 1 ). Interestingly, these internal starts responded differently to HeLa and yeast TFIID, possibly reflecting slight differences in the sequence preferences of these two factors (see below). Because these internally initiated transcripts occurred equally in the presence and absence of the normal TATA element, they were used to normalize transcriptional levels from the + 1 site of the TATA mutants described below.
Transcriptional activity of promoters with TATA elements mutated at positions 1 to 6. Figure 3 shows the results of transcription assays of derivatives in which the original TATA oligonucleotide was replaced with mutants of the sequence TATAAA in the absence of TFIID or in the presence of yeast or HeLa TFIID. A wide range of transcriptional activities were observed, but regardless of the TATA sequence, TFIID-dependent transcription always initiated at the normal + 1 site. Strikingly, the amount of transcript observed in reactions containing HeLa or yeast TFIID was virtually identical for any given mutant; this will be discussed in detail below. The same relationship was observed even at subsaturating levels of HeLa or yeast TFIID and over a range of template and salt concentrations (data not shown).
The results of quantitation of the radioactivity present in the full-length transcript are shown in Table 1 , and several general observations are worthy of note. As suggested by Fig. 3 , the transcriptional activities of any given mutant with Reactions were carried out as described in the legend to Fig. 2 tions at positions 3 and 6 were T to C and A to G changes, respectively, and a T to C change at position 1 retained 30%o of wild-type activity.
Also indicated in Table 1 are the results of previous analyses of these TATA sequences in vivo in a variety of promoter contexts (7, 16 30 to 40% activity in vitro being more active in vivo. On the other hand, only sequences with activity greater than -70% of that of the wild type in vitro displayed GAL4-activated expression in vivo, with one exception, discussed below. Transcriptional activity of TATA elements mutated at position 7. Previous observations indicated that the first nucleotide downstream of the sequence TATAAA, a G in the his3 promoter, had a marked influence on transcriptional activity (16) . This effect was also observed when the first six nucleotides were TATATA. Mutants at this position were also tested in the in vitro system, and the results are shown in Fig. 4 and Table 1 . In agreement with the in vivo experiments, substitution with an A or T increased activity, whereas substitution with a C reduced activity. However, the response of the HeLa and yeast TFIID-containing reaction mixes to these changes differed: while a G to C change reduced activity by 70%o in both cases, G to A or G to T mutations increased activity almost 2.5-fold with HeLa TFIID, but only 1.3-fold with yeast TFIID. Thus, while the identity of the seventh nucleotide appears to be nearly as important as the identity of the first six nucleotides, it has more influence with HeLa TFIID than with yeast TFIID, presumably reflecting differences in protein-DNA contacts made by the two factors. functionally defective (16) . In vitro analysis of these TAT NTA double mutants indicated that any mutation of the A at position 4 was detrimental, ranging from a 2-fold reduction by an A to T change to a nearly 30-fold reduction accompanying an A to G mutation (Fig. 5, Table 1 ). The observation that TATTTA was less efficient than TATATA in TFIIDdependent transcription in vitro contrasts with its apparently higher activity during GAL4-dependent activation in vivo. The relatively lower activity of the sequence TAlTTA in vitro was also seen in transcription reactions with a crude yeast extract (29) .
A more subtle effect was noted when the activities of elements with the sequence TATNTA were compared with those of elements with the sequence TATNAA, where N is any nucleotide. When the fourth nucleotide was a C, G, or T, changing the fifth nucleotide from an A to a T increased activity twofold, but when the fourth nucleotide was an A, this change at nucleotide 5 reduced transcription about 30%. These observations suggest that (i) the optimal recognition sequence for TFIID at positions 1 to 6 is TATAAA and (ii) the effect of a detrimental mutation at one position in the recognition sequence can be either worsened or partially suppressed by changes at another position.
One chromatographic species of yeast TFIID is necessary and sufficient for transcription from wild-type and mutant templates. Observations that activator proteins can differentially stimulate transcription from some TATA sequences have led to the suggestion that there are multiple TFIID activities that differ, sometimes slightly, in sequence recognition and response to transcriptional activator proteins (16, 21, 36, 38) . For this reason, heparin-agarose fractions from the purification of yeast TFIID were assayed with three templates (TATTTA, TATAAG, and CATAAA) whose properties in vivo were most suggestive of multiple TFIID activities (16) . As shown in Fig. 6 , the activity required for transcription from each of the mutants precisely and entirely copurified with the activity required for transcription from the wild-type sequence, which itself behaved like a single species. In addition, the same activity reconstituted transcription of the internally initiated transcripts A, B, and C, whose putative TATA sequences deviate significantly from the consensus.
DISCUSSION
To analyze the DNA sequence requirements for TFIIDdependent transcription in vitro, we have constructed a relatively simple assay substrate consisting of two fundamental promoter elements: the initiator of the adenovirus major late promoter (sequences from -11 to +10) fused to an easily assayable transcription unit (33) and a TATA element on a synthetic oligonucleotide which can easily be deleted or replaced with mutants. These substrates were assayed for transcriptional activity in vitro in a system consisting of the partially purified HeLa transcription factors TFIIA, TFIIB, TFIIE/F, and polymerase II supplemented with either partially purified HeLa TFIID or highly purified yeast TFIID. The major conclusion from this work are that (i) HeLa and yeast TFIID are extremely similar in terms of their DNA sequence preferences, (ii) the level of TFIIDdependent transcription in vitro correlates strongly, but not absolutely, with the level of transcription in yeast cells, and (iii) a single TFIID can account for the transcriptional activity of a variety of TATA sequences.
DNA sequence requirements for human and yeast TFIID are similar. The fact that yeast TFIID can functionally replace mammalian TFIID for accurate transcription in vitro indicates that these proteins are evolutionarily conserved (4, 6) . The striking similarity in DNA sequence requirements significantly extends the degree of evolutionary conservation between yeast and mammalian TFIID. When the relative activity of each mutant with HeLa TFIID was plotted against the activity of that mutant with yeast TFIID, almost all the points fell very close to a line with a slope of 1, which indicates identical specificity (Fig. 7) . Thus, the details of a crucial protein-DNA interaction that determines both the level of transcription and choice of initiation site of most (if not all) genes have been maintained between two phylogenetically distant species. As argued previously (39) , such strong conservation might reflect difficulties in changing the ancestral code of promoter recognition that existed in primitive organisms that contained multiple transcription units.
In this regard, it may be significant that eucaryotic TATA elements are similar in sequence to the consensus -10 element of a large number of bacterial promoters (17) . If similarity in the target DNA sequences reflects similarity in the protein sequences, then a key DNA-binding domain may have been preserved from bacterial RNA polymerase holoenzymes to yeast and mammalian TFIIDs. Viewed in this light, eucaryotic TFIID might be thought of as an easily dissociable subunit of RNA polymerase II, much as u70 is a dissociable subunit of Escherichia coli RNA polymerase that confers sequence specificity to the majority of bacterial promoters (18) .
HeLa and yeast TFIID can be distinguished by the internally initiated transcripts and the activities of two mutations at position 7. This almost certainly reflects differences between the proteins, either within the DNA-binding domains or in regions found in one protein that are not present in the other. One obvious difference is that the apparent molecular weight of the crude HeLa TFIID is about 120,000 (30), whereas it is 26,000 for highly purified yeast TFIID (3) . In perspective, however, the few cases of moderate divergence in sequence utilization are overshadowed by the many similarities, suggesting that the DNA-binding domains of these two proteins are very similar.
Nature of the TFIID interaction site. Our previous analysis of the sequence requirements of a yeast TATA element were carried out in vivo on intact promoters and hence were complicated by the possibility of multiple proteins having distinct specificities and by differential effects of upstream activator proteins (7, 16) . The experiments here directly address the inherent specificity of a TFIID interaction site because they were done with highly purified yeast (15, 36a) , others probably do not (8, 36a, 37) . A curious case in point is the human U2 small nuclear RNA gene, a TATA-less gene transcribed by RNA polymerase II, in which conversion of a critical element to TATATAT inhibits RNA polymerase II-dependent transcription (24) . Moreover, a fragment containing this sequence in the U6 gene is necessary for transcription by RNA polymerase III, and mutations of this sequence stimulate transcription by RNA polymerase II. Clarification of these issues should be facilitated by the availability of the cloned gene for yeast TFIID (14, 22, 34) as well as TFIID mutants with altered transcriptional properties (11) .
